Reinforced concrete slabs are an essential part of high-rise structures and are designed to 10 withstand the loads to which they are subjected. However, concrete slabs may fail due to punching 11 shear, which is one of the greatest risks they face. This type of failure, hard to predict, befalls 12 almost instantaneously and may lead to catastrophic consequences. In this paper, we analyse a 13 series of non-linear numerical models ─using ABAQUS─ simulating the punching shear effect 14 on a flat, reinforced concrete slab retrofitted with bolts arranged in three different positions around 15 the support. As starting point, we carried out an initial calibration of the Finite Element Model 16 (FEM) using Adetifa and Polak's experimental results. We then performed a parametric analysis 17 to determine the influence of the geometrical parameters of the retrofitting. For this purpose, we 18 created over two hundred models with the help of an automation algorithm programmed in 19
Introduction

25
In concrete slabs punching shear failures occur in a brittle manner─ abruptly and without any 26 warning. Therefore, in most of the cases, the consequences of these failures tend to be tragic [1] , 27 [2] . Fernández-Ruiz et al [3] refer to a case in which a fire breaking out in a parking building 28 caused the failure of a reinforced concrete (RC) slab next to a support due to punching shear. This 29 RC slab failure triggered the complete collapse of the whole frame, and the death of seven 30 firemen. Fernández-Ruiz et al. also reported the presence of other factors intervening in the 31 collapse, these being: (i) an unexpected load located on the roof, (ii) the lack of transverse 32 reinforcement that limited the final deformation significantly, and (iii) poor calculations, which 33 underestimated the punching shear phenomenon. In the field of safety, resistance to punching 34 plasticity. In the former, they contend that the evolution of the gradient makes the constitutive 48 model to be non-local. In the latter, they introduce a parameter associated with the viscoelastic 49 deformation. Shu et al. [19] have examined the influence of the fracture energy and shear 50 retention. Cavagnis et al. [16] , on their part, have used photogrammetry to tackle failure evolution. 51
Analytical models have also been proposed to assess punching shear strength, those by Menétrey 52 [17] , Muttoni [18] , and Marí et al. [19] are worth mentioning. 53
Studies have also been carried out on slabs subjected to other different conditions: Micallef et al. 54 [20] analysed numerically the dynamic impact on a RC slab, and Almeida et al. [21] , the reverse 55 horizontal loading and the vertical load to which RC slabs may be subjected. 56
Comparatively, not much research has focused on how punching shear failure is affected by 57 parameters such as (i) reinforcement type, (ii) reinforcement configuration and external 58 reinforcement for retrofitting, and (iii) reinforcement geometrical and mechanical ratios. 59 Menétrey et al. [11] produced one of the first studies in this area. They focused on parameters, 60 such as concrete strength, amount of reinforcement, and geometric relationships applied to an 61 axisymmetrical model on a circular column. Later, he [17] published a synthesis of RC slab 62 failure, delivering experimental results and numerical simulations from which he derived an 63 analytical model. Guan [22] centred his study in the size and location of the cracks in relation to 64 on the column. Belletti In the third section, we will make a comparison between the experimental data and the numerical 98 results to help us validate the main features of the FEM model itself. In the fourth section, we will 99 apply the numerically calibrated FEM model to a parametric study of the shear bolt diameter, the 100 number of bolts needed in each configuration, the distance between the first shear bolt and the 101 face of the column, the spacing of the subsequent shear bolts, and the geometrical layout of the 102 bolt placement. The combination of these parameters has provided us with 243 different models, 103 which can be automated when programmed in Python [50] for ABAQUS [46] to reduce labour 104 time. In the fifth section, we draw the most relevant conclusions and propose further lines of 105 research. One of them we suggest is to devise a reliable modelling tool to assess the real capacity 106 of the reinforcement in both one-way and waffle slabs so as to design the reinforcement, e.g. using The load keeps being transmitted through the column studs until the failure point is reached, and 138 failure occurs in a brittle manner due to punching shear. (Note that the experimental layout is 139 opposite to that of a real structure because it test). Fig. 1b shows the shape of the crack at failure 140 point, and Fig. 1a the crack pattern in specimen SB1 -equal to SB4 but lacking the external shear 141 bolts and consequently, transverse reinforcement. The relationship between the applied load and 142 the vertical displacement of the centre of the lower face of the column was recorded. Table 4 and 143 Fenves' adjustments [44] to address the evolution of both compression strength and tension 179 strength in concrete. Since the main stresses appear in various directions, the tension-strain 180 relationship can be defined through Eq. (1). 181
where d is the scalar stiffness degradation variable, whose values range from zero (undamaged) 183 to one (completely damaged); 0 el D the initial elasticity matrix; ε the total strain; and pl ε the 184 plastic deformation. 185
The constitutive behaviour of concrete in compression is based on the Model Code CEB 2010 186
[27] and is represented in Fig. 4a , where σc is the compression stress, εc the deformation of The concrete mesh has been made up of 8-node hexahedral elements with reduced integration 205 (C3D8R), the longitudinal reinforcement meshes within the RC slab of 4-node reduced-206 integration shell elements (S4R), the reinforcement bars in the concrete studs protruding the RC 207 slab of 2-node truss elements with reduced integration (T3D2), and finally, the shear bolts of 3-208 node quadratic beams in space (B32). 209
In line with the experimental test, we use a displacement control method in the FEM slab model. 210
We set a constant vertical displacement speed for the application of the vertical load. Thus, the 211 convergence problems that would entail a load-control solution are minimized. 212 
Parametric analysis variables 251
Table 5 shows our source model for a parametric study. It will be compared with other models 252 exhibiting different reinforcement configurations. The variables taken into account are: diameter 253 of the bolts, number of bolts in each layout, distance from the first bolt to the face of the support; 254 (DI), spacing between bolts, (EQ), and layout of the shear bolts. 
263
The range of values taken for DI, the first-bolt to column distance, and for EQ, bolt spacing is in 264 conformity with Eurocode 2 [26] and EHE-08 [60] . 
290
We find two ways to automate the process and save execution time. In the first, the model is 291 calculated when the previous one has ended. In the second, the model is structured in batches. 292
Moreover, we can select the range and parameterization intervals to offer greater usability. Useful 293 as this selection may be, it poses the problem of computational overload, especially in the second 294 option since the limit, dictated by the user, must not exceed the processing capabilities of the 295 computer. we present a selection of the most remarkable findings in our experiments. Therefore, we show 305 the ultimate load for each of the 243 models in Table 7 , and their ultimate deflection in Table 8 . 306
It is worth mentioning that some designs with radial and diamond layouts with bolts 16 mm in 307 diameter reached a vertical deflection of 40 mm -the displacement control limit-before failing. 308
Thus, no conclusive data could be taken out from them. Table 7 and Table 8 present the results  309 multi-dimensionally, illustrating the interrelation among the 5 parameters above mentioned. The 310 nine columns take into consideration the diameter of the shear bolts and the number of pairs of 311 bolts per support face. The rows, on the other hand, are grouped in terms of geometrical 312 configuration, distance EQ (bolt spacing), and distance DI (between the first bolt to the support's 313 face). 314
We also make use of a coloured scale. In Table 7 , the lowest values of the ultimate load are in 315 green whilst the highest values of the load are in red. Thus, it is readily seen that the most effective 316 retrofit layout for shear bolts is the diamond configuration with 4 pairs of bolts 12 mm in diameter 317 per support face (see Fig. 6 , bottom row, right column, and a total of 48 bolts). 318
As ductility is associated with the ultimate displacement, Table 8 shows that the diamond 319 configuration with shear bolts 12 mm in diameter does not seem to be the most suitable layout for 320 
Effect of the shear bolt diameter on the retrofit 352
Regarding the ultimate load, we have observed that an increase in diameter from 8 mm to 12 mm 353 produced an increase in the ultimate load by an average of 3.3%. However, if the diameter 354 increased from 12 mm to 16 mm, the ultimate load decreased by 10% in average. This behaviour 355 was particularly noticeable in the diamond configuration, in which the load increased by 9% when 356 the diameter changed from 8 mm to 12 mm, but the load decreased by 13.8% when the diameter 357 went from 12 mm to 16 mm. Fig. 7a illustrates a double line geometry layout and shows the effect 358 the diameter has on a retrofitting design. This layout exhibits 3 pairs of bolts per support face, DI 359 = 5·Ø and EQ = 8·Ø. The reason for the unexpected decrease in the ultimate load ─diameter 360 increasing from 12 mm to 16 mm─ can be found in the distances DI and EQ. They increase 361 alongside the diameter and, consequently, the area affected by the shear bolts falls beyond the 362 critical perimeter. As a result, a relatively low number of 16 mm bolts effectively controlled the 363 punching shear failure. Fig. 7b illustrates the effect of switching bolts of 8 mm to 12 mm in the 364 diamond layout. In this case, the layout exhibited 2 pairs of bolts and distances DI = 5·Ø and EQ 365 = 6.5·Ø. We can appreciate that the average ultimate load was reduced. We find, again, that the 366 diameters of the bolts are the reason for the results obtained and, what is more, we believe that a 367 In terms of ductility, we observed that as the diameter of the shear bolts increased from 8 mm to 375 12 mm, the displacement also increased by an average of 9.4%. However, when the diameter 376 increased from 12 mm to 16 mm, the displacement increased by an average of 25.1%. 377
Nonetheless, there were some cases in the double line geometry in which the increase in diameter 378 from 8 mm to 12 mm produced a decrease in ductility (see Fig. 7b ). An increase in ductility is 379 much more noticeable in radial layout ─15%─ for the same diameters. If the bolt diameters In terms of the ultimate load, an increase in the number of pairs of bolts per support face -from 2 384 to 3-brought about an average increase of 5.6% in the ultimate load. Moreover, if the number 385 increased from 3 to 4 pairs, the ultimate load increased 4.1% in average. The diamond geometry 386 was found most affected by this variable: an increase of 9.6% for switching from 2 to 3, and 7.2% 387 from 3 to 4 pairs. In contrast, the double line geometry proved less affected in that the ultimate 388 load increased less than 2%. Figures 8 and 8a show a double line layout for shear bolts of 8 mm 389 and for shear bolts of 16 mm in diameter, respectively. In the latter configuration, a larger 390 diameter implied longer DI and EQ distances, resulting in their being beyond the critical 391 perimeter, and so the addition of more bolts affected neither the ultimate load nor the ductility 392 variables (see Figure 8b ). For the same reason, the effect of the number of 16 mm bolts on the 393 radial and diamond configurations was less than 4.1% (2 to 3 pairs) and less than 2% (3 to 4 394 pairs). We observed that the radial layout exhibited the largest increase in the ultimate displacement 400 when the pair of bolts per support face rose from 2 to 3 ─ a negligible reduction of 0.2% was 401 recorded for the diamond configuration. Neither in the double line layout nor in the radial 402 geometry did we find any significant increase in the ultimate deflection ─less than 1%─ if we 403 switched from 2 to 3 pairs of bolts. However, we did observe a reduction in ultimate deflection 404 of 6.9% in the diamond configuration. We assume that the reason lies in this typology having the 405 highest density of bolts per area, which reduces ductility in favour of strength.
We observed that the distance between the first bolt pair and the column (DI) matters. If increased 408 from 3.5·Ø to 5·Ø, the models' ultimate load decreased by an average of 5.1%. Double line and 409 radial layouts showed a reduction of approximately 6 and 7%, respectively. In the diamond 410 configuration the load was less affected, less than 3%. If on the other hand, (DI) increased from 411 5·Ø to 6.5·Ø, the ultimate load decreased by an average of 2.5%. Fig. 9 presents the general trends 412 associated with the models exhibiting a radial geometry with 4 pairs of bolts 12 mm in diameter 413 per face, and a spacing EQ = 6.5·Ø. As previously seen, a high value of the initial distance (DI) 414 moves the bolts away from the column and consequently, fewer bolts lie within the critical 415 perimeter. Conversely, if the distance DI increased, ductility also increased. When DI increased from 3.5·Ø 422 to 5·Ø, so did the ultimate displacement: 7.7% for double line, 15.2% for radial, and 20.9% for 423 diamond. However, if DI increased from 5·Ø to 6.5·Ø, the ductility increased 1.4% in the double 424 line layout and 9.1% in the diamond geometry. 425
Effect of the spacing between bolts on the retrofit 426
In double line and diamond layouts, spacing EQ had the same effect on the ultimate load. If EQ 427 increased from 5·Ø to 6.5·Ø, the ultimate load also increased by approximately 1.2%; and a 428 further EQ increase from 6.5·Ø to 8·Ø yielded no change in the load. However, in the radial 429 geometry, an increase in EQ produced a decrease in the load of about 1%. Fig. 10 shows a model 430 in diamond configuration with 2 pairs of bolts per support face, bolts 8 mm in diameter, and 431 distance DI = 6.5·Ø 432 Spacing EQ also affects the ultimate displacement but not equally in all layouts. In the radial 438 layout, we observed that when EQ changed from 5·Ø to 6.5·Ø, the ultimate displacement 439 increased as much as 8.8%. Moreover, if EQ =8·Ø, the displacement increased by 6.3%. The 440 other layouts were less responsive: the increase amounted to less than 3.9%. 441
Effect of the shear bolt layout on the retrofit 442
In this section, we compare the standard double line, radial and diamond configurations in terms 443 of bolts layout. Radial and diamond geometries were more effective than double line in upholding 444 the ultimate load by FEM models. In radial and diamond configurations, the increase in ultimate 445 load with reference to double line was 12.7% and 13.9%, respectively. Fig. 11 shows load-446 deflection curves through FEA from models with 3 pairs of 8 mm bolts ( Fig. 11a ) and with 4 pairs 447 of 16 mm bolts (Fig. 11b ). In terms of number of pairs of bolts, we observed that (i) with 2 pairs 448 of bolts per support face, radial proved more effective than double line: its ultimate load increased 449 9.6% greater; (ii) when 3 pairs of bolts were involved, radial and diamond behaved equally 450 effective and better than double line, showing an increase in ultimate load of 13.5% (see Fig.  451 11a); (iii) with 4 pairs of bolts per support face, diamond provided the best response: 20.9% in 452 average greater than double line (see Fig. 11b ). Fig. 11a illustrates this trend. Nonetheless, Fig. 11b provides us with an 460 exceptional instance in which diamond showed greater ductility. As for radial, also compared to 461 double line, ductility was seen to decrease by 1.2% with 2 pairs of bolts but to increase by an 462 average of 1.8% to 3.1% with 3 and 4 pairs of bolts, respectively. 463
Conclusions
464
The use of RC flat slabs retrofitted with bolts to avoid punching shear has been studied by means 465 of FEM models implemented in ABAQUS. The FEM model was calibrated quantitatively and 466 qualitatively to match the experimental and numerical results offered in scientific literature 467 concerning the topic. We have also applied the Concrete Damage Plasticity model. 468
The FEM model has also allowed us to develop a parametric analysis to study the effects of the 469 different variables on the RC structural response of retrofitted flat slabs against punching shear. 470
As the spacing between shear bolts is likely to be proportional to the diameter of the bolts, 471 identical geometry and number of bolts of different diameter will have a particular effect on the 472 area under the influence of the retrofitting. 473
The main conclusions related to the parametric study are the following: 474
• An increase in bolt diameter will trigger an increase in ultimate displacement and a 475 decrease in ultimate load. Bolts 16 mm in diameter may be the reason for some of them 476 falling beyond the critical perimeter area, causing, at the same time, a significant loss in load. However, if 16 mm bolts are used, the increase in ultimate load is less significant 480 in radial and diamond, and even detrimental in double line. We find that the 481 explanation, again, lies in the number of bolts existing within the critical perimeter: 482 diamond is more densely reinforced -and, thus less affected. The addition of a third pair 483 of bolts per support face increased ductility. Surprisingly, the addition of a fourth pair 484 caused a decrease in ductility, especially in diamond. 485
• Taking the spacing between the column and the first bolt pair (DI) into consideration, the 486 models that exhibited greater ultimate load were those whose DI was 5·Ø. When DI = 487 3.5· Ø, the model falls short of reaching the critical perimeter, and when DI = 6.5· Ø, it 488 goes beyond. But as far as ductility is concerned, it decreases when DI increases, the 489 reason probably being the insufficient concentration of transverse reinforcement around 490 the column. 491
• The spacing between bolts (EQ) seems not to be as decisive as DI for calculating ultimate 492 load. Variations in ductility can be explained in terms of variations in DI. 493
• Radial and diamond have more pairs of bolts than double line. Diamond has the greatest 494 density within the critical perimeter of the column. Therefore, when DI decreases, the 495 critical perimeter is denser and ductility decreases. Furthermore, with DI = 5·Ø, the 496 greatest ultimate load is reached, validating our previous conclusions. In terms of 497 ductility, diamond showed the greatest loss in ductility. All in all, radial responded the 498 best since it provided an adequate increase in ultimate load without compromising 499 ductility, and it even showed a slight gain in ductility for a higher number of shear bolts. 500
• Although code management in ABAQUS can be complex for its requirements of 501 combined skills and knowledge of Civil Engineering and Computer Engineering, it has 502 been essential in the development of our models, especially the parametric ones. Even 503 though code programming is time-consuming, it has allowed us to automate processes, 504 saving a great deal of time in the creation of many of our models. 505
As a final remark, we firmly believe that the results obtained have paved the way towards future 506 work aimed at systematically finding the optimum design parameters. 507
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